Summary. The active turnover of chlorogenic acid (3-caffeoylquinic acid3), a major phenolic component of Xanthium leaves and potato tuber disks, has been demonstrated in these tissues. Pulse-labelling experiments with radioactive L-phenylalanine and trans-cinnamic acid as well as direct feeding experiments with chlorogenic acid-'AC labelled in the caffeoyl moiety have been employed in the turnover studies. The rate of turnover is calculated to be on the order of 50 to 100 mumoles per hour per gram fresh weight of tissue.
Summary. The active turnover of chlorogenic acid (3-caffeoylquinic acid3), a major phenolic component of Xanthium leaves and potato tuber disks, has been demonstrated in these tissues. Pulse-labelling experiments with radioactive L-phenylalanine and trans-cinnamic acid as well as direct feeding experiments with chlorogenic acid-'AC labelled in the caffeoyl moiety have been employed in the turnover studies. The rate of turnover is calculated to be on the order of 50 to 100 mumoles per hour per gram fresh weight of tissue.
In Xanthium leaves chlorogenic acid is in part converted to an isochlorogenic acid identified by silica gel chromatography as 3, 5-dicaffeoylquinic acid. Radioactivity of the caffeoyl moiety of chlorogenic acid is also incorporated into lignin-like insoluble polymers in the leaf. Turnover of chlorogenic acid in tuber tissue is largely accounted for by the incorporation of the caffeoyl moiety into insoluble polymers in the tissue.
The significance of chlorogenic acid turnover is discussed in relation to the perception of the photoperiodic stimuilus by leaves and to the possible role of chlorogenic acid in lignin synthesis.
Short term feeding experiments with radioactive L-phenylalanine or trans-cinnamic acid indicate that hydroxycinnamic acids and related phenolic compounds show a constant turnover in plant tissues (1, 12) . The turnover of these components has been related to their role as intermediates in the formation of lignin polymers (3) . Recently El-Basyouni, Neish and Towers (6) described a series of insoluble esters of hydroxycinnamic acids which appear to be very active metabolically. They proposed that such esters are the actual precursors of lignin and soluble hydroxycinnamic acid derivatives that accumulate in plant cells.
Chlorogenic acid (3-caffeoylquinic acid3) is one of the most common soluble phenolic derivatives. The ability of many plant tissues to accumulate this phenolic ester is so great that chlorogenic acid, like 1 Supported in part by NSF grant GB-2626 and by a Sir Walter Mulholland Fellowship awarded bv the New Zealand Meat Board to A. 0. Taylor. 2 Permanent Address: Plant Physiology Division, D.S.I.R., Palmerston North, New Zealand. 3 According to Rule 9 of Carbohydrate Nomenclature (J. Org. Chem. 28: 1963 ) chlorogenic acid is designated as 3-0-caffeoylquinic aid, and the 3,5-dicaffeoyl ester is 3,5-di-O-caffeoylquinic acid. Abbreviated forms have been used in the text to emphasize the relationship between the mono and dicayyeoyl esters of quinic acid.
lignin, would appear to be an end-product of phenolic biosynthesis. Yet very large fluctuations in chlorogenic acid concentration occur in sunflower seeds during their germination (13) and in expanded tobacco leaves during photoperiodic flower induction (17) .
These fluctuations suggest that chlorogenic acid is not just an end-product, but may be capable of an active turnover similar to other hydroxycinnamic acid derivatives. The experiments reported here were designed to test this possibility. The restults show that an extensive turnover of chlorogenic acid does indeed occur in living tissue, even in expanded leaves which have attained a constant level of the compouind.
Materials and Methods
Plantt Material. Xanthimnt pennsvlvanicum (Wall.) was grown from seed during the fall and winter months in a greenhouse. A combination of natural daylight and light from incandescent and fluiorescent tubes at night provided continuious illumination. Kennebec potato tubers which had been stored at 40 for several months were also used as a source of material. Labelled x3Hwas prepared enzymatically from tritiated Lphenylalanine (800 mc/mmole, Nuclear Chicago Corp.) tusing a purified phenylalanine ammonialyase isolated from potatoes (10 In some experiments where radioactive chlorogenic acid and isochlorogenic acid b were fed to whole leaves, chromatography in butanol-aceticwater was sufficient to purify the components. In these instances radioactive L-phenylalanine was not a possible contaminant.
Isolation of Chlorogenic Acid fronm Potato Tutber Disks. Chlorogenic acid was extracted from disks as described previously (9) . Each sample of 5 disks, 2 mm thick and 1 cm in diameter weighing 2.0 g, was homogenized in 25 ml of 95 % ethanol. After filtration, the residue was washed several times with alcohol. The combined filtrate and washings were concentrated in vacuo and chromatographed directly on an analytical silica gel column. The washed residue was hydrolyzed in 5 N NaOH and extracted with boiling 1 N NaOH as described above for residuies from Xanthiu,m leaves.
Results
Turnover Studies with Xanthium Leaves. Xanthium leaf disks were allowed to absorb trace qtuantities (44 m,umoles/g of tissue) of L-phenylalanine-U-]4C (375 mc/mmole) for 1 hour at the beginning of the experiment. Usually 50 % or more of the label supplied (2 X 106 cpm per sample of 5 disks) was absorbed by the leaf tissue during this period. The concentration, total radioactivity, and specific activity of chlorogenic acid, 3, 5-dicaffeoylquinic acid and the insoluble caffeic acid fraction were assayed in samples of leaf disks taken over a period of 24 hours. Very striking changes occurred in both the total activity (middle graph, fig 1) and the specific activity (tpper graph) of the individtial caffeoyl conjugates, although little net synthesis was evident during the experiment (lower graph). Chlorogenic acid was labelled rapidly, attaining a high activity within an hour of the start of the experiment. Radioactivity cotuld be detected in the free phenylalanine pool of the tissue for abotit 4 hours, althotigh the exogenotis source had been removed 1 hour after application. The increase in total and specific activity of chlorogenic acid between 1 and 4 hours probably reflects the presence of the endogenous pool of phenylalanine and intermediates formed from it. Thereafter, the total fig 1) and continuied to increase throughout the period of sampling. Between 4 and 24 hours the total radioactivity in the dicaffeoyl ester showed a net increase of 150,000 cpm, while the net loss from the chlorogenic acid fraction was 100,000 cpm. The specific activity of the dicaffeoylquinic acid also increased steadily from 13 cpm per mumole at 1 hour to 206 cpm per m,umole at 24 hours. Eventually the specific activity of this conjugate surpassed that of chlorogenic acid. The change in activity does not rule out chlorogenic acid as a precursor of 3, 5-dicaffeoylquinic acid. It may simply reflect the very slow tutrnover of the dicaffeoylquinic acid fraction compared to the rapid metabolism of the chlorogenic acid. Hydrolysis of both fractions indicated that at least 95 % of the label was located in the caffeoyl moieties. The insoluble caffeic acid fraction accutmulated radioactivity slowly and showed little if any turnover. This inactivity differentiates it sharply from similar fractions in wheat leaves (6) .
In some experiments the combined chlorogenic and dicaffeoyl ester fractions accounted for 80 % of the radioactivity in the soluble fraction. Almost half of the total radioactivity incorporated into the leaf tissue remained in the alcohol insoluble residue after alkaline hydrolysis. Some of the activity appears to be associated with a l:gnin fraction. If the residue is subjected to alkaline nitrobenzene oxidation (6), a radioactive fraction can be extracted with ethyl ether from the hydrolysate after acidification. The radioactive material has the same RF as vanillin in alkaline and acid solvents (6) Turnover of chlorogenic acid inl Nantihiuw1 leaf disks determined by pulse-labelling withl radioactivce trans-cinlnamic acid. Generally labelled trans-cinna'mic (e id-3H (800 jtc/,umole, 5 X l06} dpm added per sample of disks)
wsas supplied for 1 hr. Experimental conditiOnlS and sxmbols same as in figure 1. Dotted lines and parentheses indicate estimated value for 48 hr sample wvhichl +\as p)artially oxidizedl durinlg preparation.
Of pullse-labelling experiments was performed u1sing generally labelled trans-cinnamic acid-3H which (loes not give rise to amino acids.
Tritiulm labelled cinnamic acicl was sulpplied to clisks (800 juc pmole; 5 X l06 dpm per sample of 5 disks ), and the experiment performedl as above. The resullts ( fig 2) confirm those obtained with L-phenylalanine-'4C except that mulch less radioactivity w-as incorporatecl into the insolulble residule (table 1) .
As anticipatedl, the changes in the chlorogenic acid fraction were more dramatic than those obtainedl with L-phenylalanine. A semi-log ploc of the decrease in total activity of chlorogenic acid with time (fig 3) indicates that the decay follows first order kinetics.
The The heavy labelling obtained with phenylalanine comes more from protein bound, radioactive phenylalanine, than from phenolic polymers such as lignins. The small incorporation from cinnamic acid which increased with time probably represents a truer pictture of lignin synthesis. Rapid incorporation of radioactivity from the caffeoyl moietv of chlorogenic acid suggests an oxidation and polymerization of the products as the caffeoyl conjugate penetrates the leaf. However, once chlorogenic acid has entered the cell, it appears to behave as chlorogenic acid synthesized endogenouslv.
Turnover Studies zcith Potato Tuber Disks. Unlike the leaf tissues studied, disks cut from the pulp of the potato tuber initially contain little chlorogenic acid. They will accumulate large quantities of the conjugate if exposed to light for 16 to 24 hoturs. If radioactive L-phenylalanine is stupplied to freshly cut disks and then removed after a short period of time, the total radioactivity in the chlorogenic acid fraction will increase over a 24 hour period roughly in proportion to the amount of chlorogenic acid accumulating in the tissue. Under these conditions, turnover, if it exists, is masked by the extensive synthesis of the compotund. However, if the tissue is first allowed to initiate phenolic biosynthesis and accumulate chlorogenic acid before supplying a pulse of labelled phenylalanine, a rapid turnover of chlorogenic acid can be demonstrated. In the experiments described below, disks of tuber tissue were ctultured 16 hours in the light to stimulate phenolic biosynthesis and increase the level of chlorogenic acid in the tissue, before a trace quantity of L-phenylalanine-U-14C (1.2 X 106 cpm/g fr wt) was added to the tissue. After 1 hour, the tunabsorbed phenylalanine was washed off the tissue. The disks were then transferred to darkness in order to decrease the rate *of chlorogenic acid synthesis and thus prevent a masking of turnover by continued incorporation of label from endogenous houirs in light (400 ft-c) at 210. After 1 hour, phenylalanine not absorbed by the disks (approximately onethird of that added) was washed from the surfaze, and the disks were subsequently kept moistened in petri dishes in darkness. Samples of 5 disks originally weighing 2.0 g were withdrawn at times indicated and analyzed for chlorogenic acid. Arrows along abscissa indicate duratioil of pulse-labelling. *-, specific activity of chlorogenic acid isolated; 0-, total activity of chlorogenic acid per sample of 5 disks; 0---, Chlorogenic acid content, ,umoles per 5 disks. pools of radioactive phenylalanine. Figure 5 shows the results of such an experiment. Radioactivity from L-phenylalanine was rapidly incorporated into the caffeoyl moiety of chlorogenic acid. Upon removal of exogenous phenylalanine, the radioactivity of the endogenous pool of free phenylalanine fell rapidly and little 14C cotuld be detected in this fraction after 6 hours. By this time radioactivity began to disappear from the chlorogenic acid fraction. After 48 hours, 80 % of the label had been lost from chlorogenic acid. Asstuming that the 2.5-fold increase in chlorogenic acid content during the experiment represented synthesis from unlabelled precursors, a corresponding drop in the specific activity of chlorogenic acid would be expected. The actual change observed was much greater, i.e., a 10-fold decrease in specific activity. The decrease in both total and specific activity of chlorogenic acid under these conditions indicates that it turns over rapidly in potato tuber disks as well as in Xanthiunm leaves. The rate of turnover is similar to that in the leaf tissues.
No corresponding increase in radioactivity of (fig 3) and that the steady state concentration in the same leaves is abouit 3 ,moles per g fresh weight (fig 1, 2 
